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Laser-induced atomic adsorption: a mechanism for nanofilm formation
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We demonstrate and interpret a technique of laser-induced formation of thin metallic films using
alkali atoms on the window of a dense-vapour cell. We show that this intriguing photo-stimulated
process originates from the adsorption of Cs atoms via the neutralisation of Cs+ ions by substrate
electrons. The Cs+ ions are produced via two-photon absorption by excited Cs atoms very close
to the surface, which enables the transfer of the laser spatial intensity profile to the film thickness.
An initial decrease of the surface work function is required to guarantee Cs+ neutralisation and
results in a threshold in the vapour density. This understanding of the film growth mechanism may
facilitate the development of new techniques of laser-controlled lithography, starting from thermal
vapours.
Atomic vapours in optical cells are convenient and
ubiquitous systems in many studies of matter-radiation
interaction. Interactions of the atomic samples with the
cell walls are often unavoidable and may interfere with
the processes studied, because of the production of stray
electric fields [1], spin depolarization [2], surface conduc-
tivity [3] and optical transparency impairment due to the
reactivity of hot alkali atoms with the glass. On the other
hand, these atom-surface interactions can be explored for
applications in fundamental as well as in applied physics.
For example, alkali adsorbates represent a controllable
source of atoms via light-induced desorption [4]. Selec-
tive, laser-controlled quantum adsorption of cold atoms
for realisation of 2D atomic waveguides remains a the-
oretical possibility [5–7], to be experimentally demon-
strated. The perspective of controlling adsorption using
light opens the way to grow nanostructures directly on a
dielectric surface, which is particularly attractive for such
applications as building circuitry with the aim of manipu-
lating cold and ultracold atomic samples close to surfaces
[8]. We demonstrate here the laser-induced adsorption
of caesium atoms from a dense hot vapour, leading to
the formation of a thin caesium film on a dielectric win-
dow when illuminated with a laser resonant with the Cs
D2 transition. The occurrence of this photo-stimulated
atom-surface process has essentially gone unnoticed or
ignored, in spite of its potential relevancy in studies in-
volving alkali vapour cells [9] or as a new lithographic
technique [10], for which the fundamental mechanisms
have been elusive until now [11].
The basic experimental configuration shown in fig. 1(a)
consists in a low-power (a few mW/mm2, beam radius
≈ 1 mm) cw laser beam sent through an optical cell
containing a hot vapour of caesium atoms. The laser
frequency is tuned close to the frequency of the alkali
D2 transition (λ = 852 nm). Surprisingly, we observe
the formation of a metallic film on the illuminated spot
at the interface between the window of the cell and the
vapour [11]. The thickness profile of the film follows the
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FIG. 1. (color online). (a) Experimental set-up. Laser power
≈ 10 mW, waist ≈ 1.5 mm, frequency detuning |δ| < 1 GHz.
(b,c) Image of a thick caesium film (greyscale) with thickness
(red profiles) that follows the laser beam transverse intensity
profile. For illustrative purpose, the beam have been given (b)
a Gaussian and (c) a ring shape. (d) Metallic film thickness
increasing as a function of time.
transverse intensity of the pump laser beam (figs. 1(b)
and 1(c)), which suggests potential applications as a
lithographic technique [12]. Light-induced formation of
CsH particles in metal vapours and their subsequent de-
posit as a dielectric film has been reported in the liter-
ature [13] but the phenomenon observed and described
in the present work is not related to this so-called ’laser
snow’, and the films we study are clearly metallic [11].
We can infer the average thickness, L, of a film with
Gaussian profile from the transmission of a non-resonant
(NR), low-power He-Ne laser probe (λNR = 632.8 nm,
INR ≈ 0.6 mW.cm−2) through the optical cell. We as-
sume this transmission follows the Beer-Lambert law,
I(L)/INR = exp(−4π/λNR)n′′L, where n′′ is the imag-
inary part of the index of refraction of the cesium film.
We use the bulk extinction coefficient of cesium, n′′=
1.28 at 633 nm [14]. The pump beam is blocked during
measurements of the probe-beam transmission through
the cell. The ratio of probing to growing time is typi-
cally 1/300. We measure a film growth rate on the order
of 10−3 nm.s−1.
The metallic film induced by laser is characterized by
two distinct growth rates (see fig. 1(d)). The typical
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FIG. 2. (color online). Growth rate of the light-induced
film in the initial few-layers regime, as a function of the
atomic vapour density: (a) in a sapphire window, for I =
3.2 mW.mm−2 and Tw = 215
◦C; (b) in a quartz window.
Open circles: Tw = 215
◦C; solid circles: Tw = 190
◦C. Solid
lines: fits obtained from eqs. (1)-(5).
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FIG. 3. (color online). (a) and (b) Growth rate of the light-
induced film in the initial few-layers regime. (a) as a function
of the laser intensity for n = 12 ×1014 cm−3 and Tw = 215
◦C. Circles: quartz window; squares: sapphire window. All
of the rates follow a power law dL/dt = AIµ, where µ =
2,3 (dotted and dashed lines, respectively). The curves have
been normalised to A = 1. (b) as a function of laser detuning
from the Cs D2 line center for a sapphire window at Tw =
215 ◦C, n = 12 ×1014 cm−3 and I = 3.2 mW.mm−2. The
solid line is the spectrum of the back-scattered fluorescence
at 852 nm (see text and [15]). The relative uncertainties are
≈ 20% on the intensity, ≈ 15% on the growth rate and ≈ 5%
on the laser detuning. (c) Relevant Cs energy levels and the
ionization scheme of the excited atoms.
growth rate change observed at t ≈ 15 min occurs when
the average film thickness is on the order of a few atomic
layers. We study the film formation in the initial regime:
Figures 2(a) and 2(b) show the behaviour of the film
growth rate as a function of the atomic density in the
vapour for two different dielectric substrates (sapphire
and quartz, respectively) and for different sets of window
temperature, laser frequency detuning and power. We
finely control the temperature of the cell windows and of
the reservoir. The latter determines the vapour density
and is set at a few tens of ◦C colder than the cell body.
The temperature of the reservoir ranges between 150 ◦C
and 190 ◦C, corresponding to atomic densities between
2 ×1014 and 1.2 ×1015 cm−3. The measurements have
been made at two different temperatures of the window,
190 ◦C and 215 ◦C. The temperatures are stabilised with
a precision of 1 ◦C, leading to a relative uncertainty of
≈ 4 % in the atomic density. The uncertainty on the
growth rate is ≈ 15%.
The growth rate is linear with atomic density, suggest-
ing a one-atom process. However, there is a peculiar den-
sity threshold for film formation. All other parameters
being equal, this threshold is larger for quartz (fig. 2(b))
than for sapphire (fig. 2(a)) surfaces, increases with the
temperature of the window (fig. 2(b)) and does not de-
pend on pump power or frequency (figs. 2(a) and 2(b)),
which only affect the efficiency of the film growth.
The growth rate increases cubically with the pump
laser intensity (fig. 3(a)) for a frequency detuned from
resonance so as not to saturate the atomic transition (de-
tunings on the order of the transition Doppler linewidth).
Thus, a three-photon process is the basis of the film
growth on the surface. Notice that three 852-nm pho-
tons have a total energy of approximately 4.37 eV, suffi-
cient to ionize a caesium atom (ionization energy ≈ 3.89
eV). This cubic dependence has been verified for various
detunings on both sides of the atomic one-photon res-
onance, in the non-saturating regime (fig. 3(a)). Com-
plementarily, using two lasers of similar frequencies, in-
tensities I1 and I2 and with no fixed phase relationship,
we studied the role of laser coherence effects on the film
formation. Because the lasers frequency is close to reso-
nance with the Cs D2 transition, it is expected that, in
a first step, the excited level 6P3/2 will be significantly
populated by any of the lasers, with a probability pro-
portional to the total intensity. Indeed, series of experi-
ments on the film formation using different combinations
of the intensities I1 and I2 pointed to the interpretation
that the growth rates are only compatible with the de-
pendence expected for coherent two-photon absorption
by 6P3/2 excited atoms, in both the resonant and the
non-resonant regimes (see figs. 3(a) and 3(c)). This in-
terpretation is further supported by the observation that
the growth rate (see fig. 3(b)) follows the 6P3/2 fluores-
cence spectrum, which exhibits a typical minimum at res-
onance, due to excitation quenching at the surface [15].
Moreover, for small detunings, the laser saturates the D2
transition and the two-photon absorption from the satu-
rated 6P3/2 excited state results in a growth rate increas-
ing quadratically with the beam intensity (fig. 3(a)).
Therefore, our measurements show that, in the early
stages of film formation, there is a linear growth with
vapour density and a cubic dependence on the laser inten-
sity. These are our main results, which demonstrate that,
among many multiple-atom and multiphoton processes
near the surface, the film genesis is due to single-atom
ionization with three photons. This is a low-probability
mechanism, which explains the relatively slow process
of alkali film formation on windows of vapour cells in
the presence of low-power resonant lasers. The atomic-
density threshold further limits the conditions in which
3such a laser-induced atom-surface process can be ob-
served. Therefore, this process is not ordinarily observed
in low-density experiments.
To explain these observations, the processes that occur
at the interface are described using simplified rate equa-
tions, in terms of adsorption and desorption rates. The
interaction between atoms and surfaces originates either
from the dipolar van der Waals interaction (physisorp-
tion, see for instance [16, 17]) or from charge exchange
with the substrate (chemisorption, see for instance [18]).
Pure physisorption and chemisorption constitute limit-
ing cases and varying degrees of hybridization can actu-
ally be present. Adsorption of neutral atoms from the
thermal vapour acknowledgedly falls into the physisorp-
tion category, while the light-induced film, intermediated
by ions, involves stronger charge exchange processes and
falls into the chemisorption one. These two processes,
as expected, evolve at very different rates: at the typi-
cal temperatures we worked, we measured the desorption
rate of the thermal atoms to be on the order of 103 s−1,
while the desorption rate of the film (neutralised ions) is
on the order of 10−3 s−1 [19].
The evidence for very different time scales for the two
processes in our system allows us to separately consider
the contributions from the neutral atoms in the vapour
and from the neutralised ions. Therefore, for the very
initial regime of film formation, the two equations can
take the same general form:
dNj
dt
= pj
√
kBTw
2πm
nj − 1
τj
e−Ej/kBTw Nj , (1)
where the subscript index j = A, I stands for the
thermal neutral atoms (A) and the neutralised ions (I).
Nj is the surface density of the j-kind adsorbed atoms
(adatoms) in the area illuminated by the laser, pj is a
sticking coefficient, nA (nI) is the atomic (ionic) density
in the vapour, kB is the Boltzmann constant, m is the
atom mass and Tw is the window temperature. The first
and second terms in eq. (1) are the adsorption and an
Arrhenius-like [20] desorption rate per unit area, respec-
tively. The residence time of the j-adatoms in the surface
potential well is characterized by the adsorption energy
Ej and by the time constant τj , associated to physisorp-
tion (j = A) and chemisorption (j = I) bound states.
The adatom surface density in eq. (1) is proportional to
the measured average film thickness L, through a coef-
ficient Nml/(2r), where r is the cesium atom radius (r
= 0.26 nm) and Nml the cesium surface density for a
monolayer.
Before the light is turned on, the physisorbed atoms
are in thermal equilibrium with the surface, forming a
submonolayer film, i.e., the fluxes of thermal particles
going to and from the surface are taken as being the
same. Although they do not directly participate in the
film growth, their equilibrium density on the surface de-
termines the effective substrate for the light-induced ions
incident from the vapour. Let us therefore first analyse
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FIG. 4. (color online).(a,b) Left-hand side: Evolution with
Cs coverage of the electronic surface density of states of a di-
electric substrate. ǫv is the energy of the valence-band edge.
Right-hand side: electronic potential for a Cs atom located at
distance z0 from the plane insulator surface. ǫa is the atomic
valence state energy. As Cs coverage increases, from 0 in
(a) to θ > 0 in (b), electronic states emerge in the substrate
at the energy of the atomic valence state, which raises the
valence-band edge and decreases the substrate work function
from φ0 to φ(θ). (c) Evolution with caesium coverage of the
probability of ion neutralisation pI at the surface, for φ0−ǫa=
0.75 eV (dotted line) and φ0 − ǫa= 1.5 eV (solid line), con-
sidering a linear decrease of the work function with coverage,
φ = φ0 − γθ.
the thermal equation rate (eq. (1) for NA(t)). The equi-
librium density of adatoms NA0 on the surface results
from the balance between the desorbed and adsorbed
neutral atomic fluxes on the surface and is obtained by
solving the thermal rate equation (1) for dNA/dt = 0:
NA0(Tw, nA) = pA
√
kBTw
2πm
τA e
EA/kBTw nA. (2)
It is responsible for the density threshold observed in
figs. 2(a) and 2(b). Alkali adatoms are known to signif-
icantly lower the work function of metal substrates and
are used to increase surface ion or electron emission [21].
Studies of the interaction of alkali atoms with insulators
are less numerous but confirm that alkali adatoms also
lower the work functions of dielectric substrates [22].
The interaction between atoms or ions and a partially
caesiated solid surface depends on the relative electroneg-
ativities of the surface and the impinging species [23].
The relative electronegativity, in turn, depends on the
pre-existent adatom coverage θ (see fig. 4). Coverage is
defined as the ratio between the density of adatoms and
the density Nml for a monolayer. At low Cs coverage
(fig. 4(a)), the surface is more electronegative than the
Cs atoms, and thus, the impinging Cs atoms transfer
their valence electron to the substrate [22]. The positive
core of adatoms then gives rise to an “electrical dou-
ble layer”on the surface [24]. A higher coverage of Cs
adatoms lowers the work function of the solid substrate
[25] and thus diminishes the relative electronegativity be-
tween the adatoms and the surface (fig. 4(b)).
As a result of the thermal surface caesiation, two in-
teraction regimes may therefore occur between the cae-
4siated surface and impinging Cs+ ions. If the Cs cover-
age is low, the ions are repelled from the surface by the
adsorbed atoms and their outward positive pole, thus
preventing the film from forming. If the Cs coverage is
sufficiently high to lower the substrate work function to
less than the atom ionization energy, an electron can be
transferred from the substrate to the ion, thus neutral-
ising it [26]. The vapour density threshold, which varies
with the window temperature, therefore corresponds to
a thermal coverage threshold. Of course, this thresh-
old also depends on the window material, as shown in
figs. 2(a) and 2(b). For a given material, the variation
of the threshold coverage with temperature is given by
eq. (2): if the temperature Tw increases, the atomic
density nA must increase to compensate the decreasing
term
√
Tw exp(EA/kBTw)) and maintain the density of
adatoms constant. This is what we observe in fig. 2(b),
where the threshold at Tw = 215
◦C is obtained for an
atomic density larger than the one necessary to reach the
threshold at Tw = 190
◦C.
We now analyse in more details the radiative equation
(eq. (1) for NI(t)). Unlike the thermal neutral atoms, the
ion flux toward the surface is very different from the flux
of the ‘chemisorbed’ atoms escaping from the surface: as
stressed before [19], the desorption term in the radiative
equation has been measured to be much smaller than the
adsorption one and can be neglected. The adsorption
term is the product of the ion flux close to the surface
and the probability pI that an ion will be neutralised on
the surface. The ion flux itself is proportional to the flux
of excited atoms and to their two-photon ionization rate:
dNI
dt
= pI σ2 σ1(δ) g(δ)
I3
(h¯ω)3
√
kBTw
2πm
τ2 nA, (3)
which is consistent with our observation that this con-
tribution is proportional to the atomic density and has
a cubic dependence on the laser intensity for constant
pI . In eq. (3), σ2 is a generalised cross section for two-
photon absorption, τ is the lifetime of excited atoms, δ
is the laser detuning in relation to the D2 central fre-
quency and σ1(δ) is the cross section for absorption by
a ground-state atom. In σ1(δ) the Doppler-broadening
effect of atoms in motion is taken into account. The fac-
tor g(δ) incorporates the resonant dip due to the surface
quenching of excited atoms [15] (see fig. 3(b)).
A simple model of the interaction between a solid sur-
face and a singly charged ion makes explicit the de-
pendence of the probability pI [27] on the coverage-
dependent work function of the substrate [25] φ(θ) =
φ0 − γθ and the consequent threshold behaviour.
pI =
∑
~k
∣∣T~ka∣∣2 L(ǫ~k, ǫa,∆)f(ǫ~k, ǫF , Tw)
∑
~k
∣∣T~ka∣∣2 L(ǫ~k, ǫa,∆)
(4)
pI is the product of T~ka =
〈
a|V |~k
〉
, the transition
probability of an electron from a surface level |~k〉 to a
vacant atomic level |a〉, the surface Fermi distribution
f(ǫ~k, ǫF , Tw) at temperature Tw and the atomic lineshape
L(ǫ~k, ǫa,∆), of width ∆, that we approximate by a Dirac
delta function at the energy ǫa of the vacant atomic level.
With such simplifications we obtain:
pI =
1
1 + exp [(φ0 − |ǫa|)− γθ] /kBTw , (5)
where φ0 is the work function of the clean surface and γ is
a proportionality coefficient. The range of Cs coverage in
which pI significantly varies is very narrow (see fig. 4(c)).
The order of magnitude of the difference (φ0 − |ǫa|) is a
few eV for an alkali atom close to a clean metallic sur-
face [28]. For our experiment, pI can be assumed to be
a constant (saturated value) almost immediately above
the threshold density, so that the film growth rate varies
linearly with the atomic density as observed (figs. 2(a)
and 2(b)). We thus interpret all of the features observed
during the Cs film growth on our cell’s window. Fits
of the growth rate as a function of the atomic density,
with eqs. (1)-(5), are shown in figs. 2(a) and 2(b). The
fixed parameters in each case are the experimental val-
ues of the intensity, of the window temperature and of
the atomic density, as well as γ = 20 ev (from [25]) and
(φ0 − |ǫa|)= 4 eV (from [22]) in eq. (5). The adjustable
parameter is σ = (dNI/dt)/(pInAI
3). Using a typical
measured rate of film growth, dL/dt ≈ 4 ×10−3 nm.s−1,
we estimate the adsorption rate of ions at these intensi-
ties to be on the order of 1011 atoms/s on the illuminated
surface. The fits yield values of σ on the order of 10−2
J−3.s2.cm7. The functional dependence of the fits on the
parameters is consistent with the experimental measure-
ments. A detailed quantitative analysis of the process,
and particularly the estimation of the effective ion yield
in the vapour, depends on a systematic study of the func-
tion g(δ) for a given material of the window.
In conclusion, we have identified the sequence of
vapour and surface processes leading to the formation
and growth of a light-induced thin metallic film at the
interface between a transparent dielectric solid and
an alkaline vapour. Preliminary results show that the
structure is very stable, provided that the window
temperature is quickly lowered after the pump laser is
switched off. In addition to its technological appeal [29],
this film growth technique also provides a method of
characterizing various aspects of the interaction between
a dielectric surface and gas phase atoms, particularly the
adsorption time and energy and the caesiation-induced
lowering of the work function in dielectric substrates.
Further spatial study of the film growth may also provide
insights into effects neglected in this work, such as dark-
or light-induced diffusion on the surface.
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